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GUIDANCE ANALYSIS OF AERODYNAMIC BRAKING
INTO ORBIT AROUND MARS

By Benjamine J. Garland

SUMMARY

A guidance system was developed to control a spacecraft during an
aerodynamic braking maneuver. The guidance equations attempt to control
the apoapsis altitude and inclination of the trajectory after the space-
craft skips from the atmosphere by rolling the spacecraft. A propulsion
system is required to change the skip trajectory to the target orbit.

This guidance system was used to evaluate the feasibility of using
aerodynamic braking for entry speeds between 17 000 fps and 20 000 fps.
The assumed spacecraft had a lift-to-drag (L/D) ratio of 0.5 and a
ballistic coefficient of 120 psf. The use of aerodynamic braking appears
to be feasible provided that an accurate model of the Martian atmosphere
is available.

INTRODUCTION

The use of aerodynamic braking to achieve the capture of a space-
craft by the atmosphere of a planet has been shown to offer advantages
over propulsive braking by many studies (refs. 1 through 9). The
aerodynamic braking maneuver may be used for either a direct descent to
the surface or just to decelerate the spacecraft to allow its capture
after it skips from the atmosphere. During the first skip the propulsion
system must be used to raise the periapsis altitude of the orbit above
the planetary atmosphere if an orbit is to be established. It may be
necessary to use the propulsion system a second time to adjust the apoapsis
altitude.

The depth of the corridor available for aerodynamic braking at Mars
was studied by analytic means in references 1 and 2. The results indicate
that a spacecraft could be guided to the available corridor with comparative
ease. The trajectory of the spacecraft through the atmosphere was
considered in references 3 and 4, although the major emphasis of reference 3
was placed on aerodynamic braking maneuvers at Earth. The problem of



aerodynsmic braking at Mars was examined in reference 4 using a two-
dimensional trajectory simulation that employed a calculus-of-variation
procedure for trajectory optimization. The optimum trajectory was found
to require either full positive or full negative 1ift and an instantaneous
reversal of the 1lift vector. An alternate type of trajectory containing
a constant altitude segment was considered because a real guidance and
control system is not capable of following the optimum trajectory. It

was found that the cost of the alternate trajectory could be kept close
to the cost of the optimum trajectory if the target orbit was chosen
Judiciously.

The models of the Martian atmosphere used in references 1 through L
are now believed to be incorrect. For example, the density of the
atmospheric model used in reference 4 is approximately two orders of
magnitude greater than the density of the mean atmosphere proposed in
reference 10. The atmospheric models used in references 5 and 6 are
basically the same as the proposed model.

Some of the problems of the automatic control system necessary
to achieve aerodynamic braking at Mars were discussed in reference 1l.
The control system used a fast-time prediction guidance method, such
as discussed in reference 12 to predict the proper controls. In addition,
some results of simulations of manual backup control were presented.
Unfortunately, this study was performed before the present model of the
Martian atmosphere was obtained.

A comprehensive study of the use of aerodynamic braking to achieve
planetary capture of the spacecraft has been reported in reference 9.
The initial mass in orbit at Earth for a spacecraft employing aerodynamic
braking was compared to that of a spacecraft employing only propulsive
braking. The initial mass of each spacecraft was reduced significantly
by increasing the eccentricity of the orbit and are comparable when the
eccentricity is 0.7. The aerodynamic braking spacecraft had an L/D of
1.0 and a ballistic coefficient of 1000 psf.

The initial mass in Earth orbit may be reduced further by the procedure
suggested in reference 13. This procedure uses aerodynamic braking for
the spacecraft which will be used to descend to the surface of the
planet but uses propulsive braking for the main spacecraft. The crew
remains sboard the main spacecraft while the unmanned lander spacecraft
uses aerodynamic braking to achieve capture.

A guidance system for controlling the spacecraft during the aerodynamic
braking maneuver has been developed. This guidance system uses a closed-
form prediction technique rather than a fast-time prediction technique
such as that used in reference 11. The guidance equations attempt to
control both the apoapsis altitude of the exit trajectory and the




inclination of the trajectory plane. This guidance system was used to
study the feasibility to perform the aerodynamic braking maneuver with
the landing spacecraft discussed in references 9 and 13. The landing
spacecraft is capable of achieving an L/D of 0.5 and has a ballistic
coefficient of 120 psf. The models of the Martian atmosphere proposed
in reference 9 were used and the velocity of the spacecraft at entry
was assumed to be between 17 000 fps and 20 000 fps. Entry velocities
in this range can be obtained with round-trip missions which last
approxi?ately 1000 days and remain at Mars for approximately 450 days
(ref. 7).

METHOD

Description of Maneuvers to Establish Orbit

The sequence of maneuvers used to establish the orbit is shown in
figure 1. The spacecraft approaches the planet along a hyperbolic path
which must intersect the atmosphere with certain limits known as the
entry corridor. The limits of the corridor may be specified either by
the vacuum periapsis altitude of the hyperbolic trajectory or by the
flight-path angle at some arbitrary altitude. The basic purpose of the
atmospheric phase is to change the path of the spacecraft so that it
exits from the atmosphere along a trajectory having an apoapsis altitude
equal to that of the target orbit. The velocity of the spacecraft must
be increased at the apoapsis of the exit trajectory in order to raise
the periapsis altitude to the desired value. Since the exit trajectory
will not achieve the proper apoapsis altitude, the spacecraft's velocity
is changed a second time at the periapsis of the intermediate orbit. A
convenient measure of the performance of the guidance system and space-
craft combination is the total velocity change required to achieve the
target orbit.

A more detailed description of the atmospheric phase is shown in
figure 2. The beginning and end of this phase are impossible to define
except by some arbitrary means such as the magnitude of the acceleration
caused by the aerodynamic force. The atmospheric phase is divided into
three subdivisions by the guidance system. These subdivisions are the
transition to a constant altitude path, the constant altitude path, and
the exit.

Description of Guidance System
Some of the quantities which are used in the guidance equations

are shown in figure 3. These quantities are commonly used in the study
of entry trajectories.



The characteristics of the spacecraft must be considered in the
development of the guldance equations. In this case, the entry vehicle
was assumed to be a body of revolution capable of producing a constant
ratio of L/D. The trajectory of the spacecraft can be controlled only
by varying the roll angle.

The guidance system is a closed-form prediction method instead
of a fast-time prediction method such as is used in reference 11. The
differences between the two methods are discussed in detail in reference 12.
The fast-time prediction method requires the rapid numerical solution
of the differential equations of motion by the onboard computer in
order to determine the possible future trajectories. The‘’closed-form
prediction method uses approximate analytic solutions to the equations
of motion instead of integrating them by numerical methods.

The basic arrangement of the guidance logic is shown in figure k.
The guidance commands are based on the changes in the velocity measured
by the inertial measurement unit (IMU). The navigation section uses the
measurements of the IMU to obtain the position and velocity of the
spacecraft. The navigation equations are basically the same as those
used for Project Apollo (ref. 1l4) and are used in each cycle of the
computer.

The mode selector serves only to direct the computations to the
correct phase. The roll angle of the spacecraft is held constant as
long as the initial phase continues. The initial phase is terminated
whenever the measured acceleration along the velocity vector exceeds
3.2 ft/sec? (0.1 8q> where g is the gravitational acceleration of the

Earth).

The purpose of the next phase is to steer the spacecraft onto a
constant altitude path. The velocity of the spacecraft and the atmospheric
density at the beginning of the constant altitude phase depend upon the
arbitrary value of L/D at this point. The guidance equations for the
transition phase are based on the method of reference 15 although the
derived equations are different. The development of these equations
is discussed in the appendix. The required value of L/D is given by
equation (A9) of this appendix. The commended roll angle, ¢c, is

- -1 L L
e m
where (L/D)m is the maximum L/D and (L/D)c is the command L/D.

The constant altitude allows the spacecraft to decelerate until the
proper apoapsis altitude can be reached. Therefore, a portion of the




computations for the exit phase must be performed each cycle although
the spacecraft is still being guided along a constant altitude path.

The constant altitude phase continues until the target apoapsis altitude
can be reached by using a constant value of L/D less than some specified
value. The L/D required to maintain a constant altitude path is given
by equation (Al4) of the appendix.

The exit phase guidance equations are based on the second-order
solution to the equations of motion presented in references 16 and 17.
The use of this solution is discussed in the appendix. The second-order
solution is used to calculate the apoapsis altitude achieved by using
a constant value of the L/D. A Newton-Raphson iteration scheme is used
to determine the correct value of the L/D. This value was used to steer
the spacecraft originally, but better results were obtained if the roll
angle was based on the following equation:

O n@-[0-0. @

kl and k2 are the gains. The value of L/D obtained from the previous

cycle through the equations is used for L/D The exit phase ends

REF’
whenever the measured acceleration along the velocity vector decreases
below 3.2 ft/sec?

The inclination of the orbit is controlled by the direction cf the
roll angle. It is assumed that the change in the inclination of the
orbit is approximated by the change in the spacecraft's heading. The
approximate change in heading is given in reference 18+ The estimate of
the change in inclination during the atmospheric phase is compared to
the desired inclination in order to determine the direction of roll.

NUMERICAL APPLICATION AND RESULTS

A four-degree-of-freedom digital trajectory program was used to
evaluate the performance of the combined guidance system and spacecraft.
The trajectory program assumed & spherical rotating planet. The physical
properties presented in reference 19 and the atmospheric models of
reference 10 were used in the study. The nominal characteristics of the
spacecraft and control systems are listed on the following page.



L/D v v v v v e e v e e e e e e e 0.5
W/CDs, PSE 4 v e e e e e e e e e 120
Maximum roll rate, deg/sec . . . . +20 .
Roll acceleration, deg/sec? . . . . +10
Roll deadband, deg . . . . . . . . +l )

The control system characteristics are those of the Apollo command
module. The variation of the atmospheric density with altitude is
presented in figure 5 for the high, mean, and low density atmospheres.

An initial altitude of 300 000 ft was used for all trajectories,
and two initial velocities (17 000 and 20 000 fps) were investigated.
Either the periapsis altitude of the approach trajectory or the flight-
path angle at the initial altitude is required to completely specify
the entry conditions. Two target orbits were considered in the study.
The apoapsis altitude was either 1000 n. mi. or 10 000 n. mi. whereas
the periapsis altitude was 100 n. mi. for both orbits. The eccentricities
of the orbits are 0.188 and 0.718, respectively. The total velocity
change (AVT) necessary to establish the target orbit is used as a

measure of performance of the guidance and spacecraft combination.

The altitude, velocity, and flight-path angle of two typical entry
trajectories are presented in figure 6 as functions of time. The entry
velocity is 20 000 fps, and the flight-path angle is -8.2° for both
trajectories. The basic difference between the two trajectories is
that the apoapsis altitudes of the target orbits are 1000 n. mi. and
10 000 n. mi. The two trajectories are identical until 146 seconds
when the exit phase of the 10 000-n. mi. apoapsis altitude trajectory
begins. The velocity is 16 804 fps at this time. The constant altitude
phase continues for another 90 seconds if the target apoapsis altitude
is lowered to 100C n. mi. During this 90 seconds, the velocity of the
spacecraft decreases to 1b 165 fps. The exit conditions for the two
trajectories are listed in the following table.

Apoapsis altitude of

terget orbit, n. mi. . . . . . 10 000 1 000 g
Exit altitude, ft . . . . . . . 214 394 201 358
Exit velocity, fps . « « . « .« . 15 185 12 664

Exit flight-path
angle, deg . « +« « « 4 4 e . 4.83 3.96




These exit conditions result in actual apoapsis altitudes of
10 438 n. mi. and 1023 n. mi. Total velocity changes of 80.3 fps and
1L42.7 fps are required to achieve the proper orbits.

In the case of the 10 000-n. mi. target apoapsis altitude trajectory,
a change of 1° in the flight-path angle at exit will cause a change of
6 n. mi. in the apoapsis altitude while a change of 1 fps in the velocity
at exit will cause a change of 13 n. mi. in the apoapsis altitude. If
the target apoapsis altitude is 1000 n. mi., a 1° change in the flight-
path angle at exit will result in a change in the apoapsis altitude of
12 n. mi. However, the apoapsis altitude will be changed by only
1.1 n. mi. if the velocity at exit is changed 1 fps. The errors in the
velocity at exit probably will be greater for the trajectory which spends
the greatest amount of time in the atmosphere.

The AVT required to establish a 10 000-n. mi. apoapsis altitude

orbit is presented in figure T as a function of the flight-path angle
at entry (Yen) and as a function of the periapsis altitude of the approach

path ( ). The entry velocity (Ven) is 20 000 fps. Although the

hp, vac
three atmospheric models were used, the guidance was based upon the
parameters of the mean atmosphere. The symbols on the figures represent
results of individual trajectories while the so0lid lines are intended

to show general trends only. The results for the mean density atmosphere
show a distinet region of low AVT. This region of low AVT can be

described as the entry corridor for the aerodynamic braking maneuver.

The AVT is between 60 and 87 fps if Yen is between -9.0° and -7.6°

L. .5). i id
(1.5 i_hp’ vac < 24.,5), The AV, increases sharply outside of the

corridor. The AVT for the low density also exhibits a distinct corridor

although the AVT is approximately 10Q fps higher than that required for

the mean density atmosphere. The AVT required for the high density

atmosphere is comparable to that required for the low density atmosphere.

This figure was based on the assumption that the maximum density
atmosphere and the low density atmosphere are the maximum expected
deviations from the mean density atmosphere and the correct density will
not be known.

The definition of the entry corridor used in this report is more
restrictive than the definition used in reference 9. That reference
defined the bottom of the corridor by the full positive-lift trajectory
which just reached the minimum allowable altitude and the top of the
corridor was defined by the full negative-lift trajectory which resulted
in an overshoot. The entry corridor defined in this manner is a function
of the entry velocity, the physical properties of the spacecraft, and



the atmosphere of the planet. This report defines an entry corridor
which also depends upon the target apoapsis altitude and the guidance
and control system.

The cases presented in figure 8 are the same as those in figure 7
except that the guidance uses the correct atmospheric parameters. There
is a distinct corridor for each atmospheric model and the AVT in the

corridors is between 45 and 100 fps. The depth of the corridor is 2.2°
(13.2 n. mi.) for the high density atmosphere, 1.4° (10.0 n. mi.) for

. the mean density atmosphere, and 1.2° (9.3 n. mi.) for the low density
atmosphere. The center of each corridor is shifted so that the corridors
do not all overlap.

The effect of variations in the ballistic coefficient (W/CDS)-is

shown in figure 9. Variations of *20 psf had little effect upon the
entry corridor or the AVT required within the corridor although the

guidance was based on the nominal ballistic coefficient of 120 psf.

The effect was the same for all three atmospheres. The analytic results
of reference 1 indicate that the depth of the corridors should not be
affected by changes in the ballistic coefficient but that the center of
the corridor should be shifted as the ballistic coefficient is changed.

The effect of reducing the L/D to 0.4 is shown in figure 10. The
guidance equations used the nominal L/D of 0.5. This reduction in
L/D caused a decrease in the depth of the corridor but did not shift
the center of the corridor. The depth of the corridor was reduced to
1.6° (9.6 n. mi.) for the high density atmosphere and 0.6° (4.5 n. mi.)
for the low density atmosphere. This is & reduction of approximately
27 percent for the high density atmosphere and 52 percent for the low
density atmosphere.

The target orbit in figures T to 10 has an apoapsis altitude of

10 000 n. mi. and & periapsis altitude of 100 n. mi. The AVT required

to establish a 1000-n. mi. apoapsis altitude orbit is given in figure 1l.
In general, the AVT is increased approximately 100 fps above that required

to achieve a 10 000-n. mi. apoapsis altitude orbit. The top of the
corridor occurs at approximately the same point, but the bottom of

the corridor is not distinctive. If the flight-path angle at entry is
decreased below & certain value, the AVT will begin to increase but not

as rapidly as it did for the higher apoapsis altitude orbit. Also,
there is considerable fluetuation in the required AVT.

The entry velocity of the spacecraft is not likely to be less than
17 000 fps since this is approximately 4 percent greater than the escape




velocity at 300 000 ft. The AVT required to establish a 10 000-n. mi.

apoapsis altitude when the entry veloecity is 17 000 fps is shown in
figure 12. A AVT of 500 fps is necessary to maintain a corridor depth

of 0.8° (6.7 n. mi.) for the low density atmosphere. The mean and high
density atmospheres require higher values of AVT. The AVT decreased to
approximately 100 fps for the low density and mean density atmospheres
before increasing rapidly. This rapid fluctuation can be explained

by examining the next figure.

The apoapsis altitude of the exit trajectory is presented in figure 13
for the same condition used in the previous figure. The apoapsis altitude
is almost constant over some range of entry angles for each of the
atmospheric models. This apoapsis altitude is not the nominal value of
10 000 n. mi. but varies between 6700 n. mi. for the low density atmosphere
and 4000 n. mi. for the high density atmosphere. If the entry angle is
decreased, the apoapsis altitude decreases until eventually the spacecraft
will not escape the atmosphere of the planet. If the entry angle is
increased, the apoapsis altitude of the exit trajectory will increase

without 1limit. The minimum values of AVT shown in figure 12 for the low

and mean density atmospheres occur when the apoapsis altitude of the
exit trajectory is equal to the apoapsis altitude of the target orbit.
The AVT for the high density atmosphere should exhibit the same trends.

The results presented in figure 13 indicate that there is a maximum
value which should be used for the apoapsis altitude of the target orbit.
This maximum value corresponds to the nearly constant valued portions
of the curves in figure 13. Since the correct model of the atmosphere
is not known, the maximum apoapsis altitude is given by the high density
model. The maximum apoapsis altitude of the target orbit is given as a
function of the entry velocity in figure 14. It can be seen that the
entry velocity must be above 18 850 fps if the target apoapsis altitude
is 10 000 n. mi.

The effect of reducing the target apoapsis altitude to 1000 n. mi.
when the entry velocity is 17 000 fps is shown in figure 15. Now, there
is a definite entry corridor for all three atmospheres. The AVT within

the corridor is between 120 and 170 fps. The depth of the corridor is
2.2° (14.5. n. mi.) for the high density atmosphere and 1.0° (8.7 n. mi.)
for the low density atmosphere. The depth of the corridcrs and the AVT

within the ocrridors are approximately the same for an entry velocity of
17 000 fps as for an entry velocity of 20 000 fps. The major difference
is that the center of the corridor has been raised by the decrease in
the entry velocity.
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All of the trajectories considered in this study were in the
equatorial plane of Mars initially. The entry guidance attempted to
keep the exit trajectory in the equatorial plane alsc. The inclination
of the exit trajectory was less than 0.2° for all of the cases. The
maximum controllable change in the inclination is approximately 2.0°.
The minimum altitude of trajectories within the entry corridors was
never less than 50 000 ft and the maximum acceleration was less than 2.5 Ba*

An analysis of the navigation and guidance of a Mars probe launched
from a manned spacecraft was reported in reference 19. Although the
results of reference 19 are not directly applicable to the present study,
the dispersions in the entry angle should be approximately the same
magnitude. The standard deviation in the entry angle was found to be
between 0.13° and 0.21°. If the dispersion in the entry angle is as
low as 0.13° and the L/D is 0.5, the probability that the spacecraft
will miss the corridor is very small. The probability of achieving the
corridor is 97.9 percent if the low density atmosphere occurs and the
L/D is 0.4,

The centers of the low and high density atmospheres are displaced
from the center of the mean density atmosphere by approximately 0.8°.
This displacement of the corridors insures that a single value of the
entry angle cannot be selected on the basis of the present knowledge of
the Martian atmosphere. It is possible that this problem may be solved
by launching an atmospheric probe from the main spacecraft so that the
probe arrives at the planet before the main spacecraft and the aserobraking
spacecraft. An approximation of the atmosphere is made on the basis of
data received from the probe, and the aerodynamic braking spacecraft is
aimed at the correct entry angle. The total velocity increment necessary
to change the entry angle by +1° is presented in figure 16 as a function
of the time remaining before entry. The entry velocity was 17 000 fps and
the entry angle was -7.1°. If the trajectory is corrected 10 minutes
before the time of entry, & velocity change of less than 59 fps is required
to change the entry angle by #1°. The velocity change decreases to less
than 22 fps when the connection takes place 30 minutes before entry. The
results were approximately the same when the entry velocity was 20 000 fps
and the nominal entry angle is -8.2°.

CONCLUDING REMARKS

The feasibility of achieving & specified orbit about Mars by using
aerodynamic braking depends upon the knowledge of the enviromment, the
physical properties of the spacecraft, and the properties of the target
orbit. An orbit cannot be successfully established unless the approach
trajectory is targeted to the center of the corridor for the correct
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atmosphere. If the correction is made 30 minutes before the time of
entry, a velocity change of less than 22 fps is required. The total
velocity change required to achieve an orbit with an apoapsis altitude
of 10 000 n. mi. and a periapsis altitude of 100 n. mi. is between 45
and 100 fps if the entry speed is 20 000 fps and the L/D is 0.5. A
decrease in either the entry velocity or the L/D may require that the
apoapsis altitude be decreased. The required total velocity change is
increased to between 120 and 170 fps if the apoapsis altitude of the
target orbit is decreased to 1000 n. mi.

The effect of errors on the performance of the guidance system and
the spacecraft was not considered. The presence of any errors will
cause a reduction in the corridor and will increase the difficulty of
achieving the target orbit. The sequence of maneuvers required to estab-
lish the target orbit suggests a procedure to achieve the orbit which
most closely approximates the target orbit. The first velocity change
raises the periapsis altitude to required value. A second velocity
change is required to establish the desired apoapsis altitude. If
necessary, the maximum allotted velocity change would be used to move
the apoapsis altitude as close to desired value as possible.
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APPENDIX

GUIDANCE EQUATIONS

SYMBOLS

a acceleration, ft/sec?

CD drag coefficient

e eccentricity

g gravitational acceleration of planet,
ft/sec?

h altitude, ft

K trajectory constant defined in
equation (A17), ft“/lb-sec?

L gains defined in equation (2)

k3, k), » k5 gains defined in equation (Alk)

L/D lift-to-drag ratio

m mass, lb-sec?/ft

R radius of planet, ft

r radius, ft

3 reference area, £t2

t time, sec

\ velocity, fps

1) weight, 1b

3] density decay parameter, ft~!



AV

Ap

Subscripts:

a

en

ex

vac

16

flight-path angle, deg or rad

total velocity change required to estab-
lish target orbit

change in density, defined by equation (A10),
lb-sec?/ft"

central angle of the planet, deg or rad
density of atmosphere, 1b-gsec?/ft"

roll angle of spacecraft, deg or rad

apoapsis
command
drag
Earth
entry
exit
initisel
maximum
reference
constant altitude
periapsis

vacuum

TRANSITION TO CONSTANT ALTITUDE

Guidance equations capable of steering the spacecraft to a constant
altitude path were presented in reference 13. These equations are based
on the assumptions that the velocity is constant and the flight-path angle
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is small during this phase. Although these equations were originally

developed to use either full positive or negative 1ift, it is possible
to modulate the 1ift to achieve a smoother transition to the constant

altitude path.

The two-dimensional equations of motion of a vehicle moving through
the atmosphere of a planet are;

h =7V sin vy (A1)
6 = X-cos Y (A2)
r
Vy = %-(%- E-:%E-pvz - g cos Y(l - %;) (A3)
V=- %- S%E- V2 p - g sin vy (AL)

The atmosphere of the planet is assumed to be isothermal so that the
density is an exponential function of the altitude. The density is:

P =0 exp(-Bh) (a5)

If V is constant and y is small during the transition phase,
equation (Al) and (A3) become

h = Vy (A6)
and C.S 2
c_L (D)v _& Y=

Y =3 (me )pV v 1 (gr) (AT)

respectively. The time rate of change of p is found from equation (AS5).

After rewriting, 5 is
o = - BoVy (48)
Equation (A7) is djvided by (A8) to obtain

. 0 (2

dp 2By - BpyYVe
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After being rearranged, this equation can be integrated between
the proper limits and solved for L/D. The resulting equation is

BYi2 28 V2 Ap
L/D =,7% + 1 -—|1n{1 + =t (A9)
D , o° gr Ps
—;r-Ap v -1;— Ap
where
bp =p - p, (A10)

If the value of L/D is specified at the beginning of the constant altitude
phase, the density along the constant altitude path is

2g v2

Oo C_.S 1 gr (A11)
L D 2

=1—1 V

D m

The maximum permissible density is
28
m

P = A av
o C.5
(L) .2
m

The lowest value of oo is used to determine Ap. The value of pi is

calculated as

_ 2aD
p., =

i C.S
(_D_) v2
m

CONSTANT ALTITUDE PATH

(A12)

The L/D required to maintain a constant altitude is found by setting

Yy and Q'equal to zero and solving equation (A3) to obtain

L/D = f;-(l - %;—) (A13)
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where the measured acceleration &y replaces the term

C.S
;L'QVZ _]2_
2 m

It is necessary to add additional terms to equation (Al3) in order to
insure the stability of the path. Since the altitude is constant, the
acceleration at any time can be related to the acceleration at the
beginning of the constant altitude phase. This relationship is

a= I
A &, i

The control equation which is used for the constant altitude phase is

v2 v 2 . -
(L/D) = ( _é}-) i;-k3 [aD-(ﬁ) aD’i]—khh-kSh

where k3, kh’ and k_ are constant gains.

5

GUIDANCE EQUATIONS FOR EXIT PHASE

A second-order solution to the equations of motion within an
atmosphere was presented in reference 14 and extended to trajectories
which exit from the atmosphere in reference 15. The flight-path angle
was defined to be positive when the altitude is decreasing. In order to
be consistent with the rest of the guidance equations, the flight-path
angle is redefined to be positive when the altitude is increasing. The
second-order solution is

v2 \_
(19 TS L e (2
and

R
1l /(L D 1 oS Y
cos Yy = COs 'Yi + (p - pi) E(B) F - FR— cop (\Efz B )

(A16)
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The second-order solution is based on the approximation that the term

1 cos R
BR %7'

remains constant. Loh (ref. 16) emphasizes that although this term
remains nearly constant, the individual values of vy, p, and V do not
remain constant. TFor convenience, define

R
1 cos
K =.§ﬁ _p_l({sff" ) (AL1T)

so that equations (A15) and (A16) become

C.S c.s -
V=, expg% —2—6— (Yi - Y)[%(%>(_3§)' K] i (A18)
c.S
cos y = cos y, *+ (p - pﬁ[%(%) (—ig) - K] (A19)

respectively.

and

The velocity and flight-path angle at exit are obtained by setting
o equal to zero in equations (A18) and (A19). The altitude at the time
of exit is assumed to be the same as the altitude at the beginning of
the transition phase. The predicted velocity, flight-path angle, and
altitude at exit are used to predict the apoapsis eltitude of the exit
trajectory. The motion of the spacecraft outside the atmosphere is
described by the two-body equations of motion which are discussed
sources such as reference 19. The eccentricity of the exit trajectory is

2 2 2 L
e= |1+ (R * hex) (Y ex\/v ex _ 2R cos2y 2
R gR /\ gR R + hex ex

(A20)

and the apoapsis altitude is .

cos? Y e R+h 2 vzex
h =TT R gR ~ 1] R (a21)
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An examination of equations (A18) through (A21) indicate that the
apoapsis altitude is a function of L/D which can be controlled by the
roll angle of the spacecraft. The value of L/D necessary to achieve the

desired apoapsis altitude is found using a Newton-Raphson iteration
scheme.
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Approach trajectory

Edge of atmosphere
Second impulse

Intermediate orbit

Aerodynamic braking
maneuver

First impulse

Exit trajectory

Target orbit

Figure 1.- Sequence of maneuvers necessary to establish target orbit.
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of motion
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Figure 2.~ Phases of aerodynamic braking maneuver.
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Figure 3.~ Quantities used in equations of motion
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27

oov

*$9140393( 4} |RDIGA} OM) o) 3|Bue yred-Jyb1)y pue ‘£3100[aA ‘apnJI3|e JO SBO0ISIY dwl] -* 9 dInbI g

298 ‘3 ‘awn}
09¢ 0ce 08¢ ove 00¢ 091 08 (0)7 (]
1 1 1™
Bop z°g- =" A __|
JR S N S sdj 000 02 = A
o] e ed -4 - -
o S \ // or1
A —~
z A = /
Ve d \ / //
1%
- / 081
7 £119019 A
\\ \ //V A/
y” \ N
4 // 022
A
89¢ | 9¢d 01 8¢ L vt €c0 1 0001 wv:.::e..l\ 092
2G2 | 9P v01 8¢ €08 8¢t 01 0000T /
298 /
395 s9s | ‘epmiuy RED WL cim oy 8y | ey ey LB
saryg | a3 | wesuoy | ‘uopsuesy [SH TAV [ THeTUTU ) TTe 0T X 00€
10 ¥EIS
o1-
\L
\\
WweeoT - -—-- \\
‘fw "u 000 0T _ 0
S T \\
—_—— — T ﬁ\ l‘l\\
01

N oT
- 1
» — 81
=
&
o4
=
mo.mXNN
utl
=
=
3
2
e 2
2
w
&
X
Q.
&

sdj ‘A ‘A3100)9A



28

-aJaydsow)e Aysuap ueaw jo siapweled uo paseq si aauepinb auy Ji HqJo 1obJe) ysi|qe}sa o) pasinbaa abueyd Aydojan feof -°/ a.nbi

‘lw °u + 08 d: sapnyye sisdersad wnnaep

bap M3y +gjbue yjed-jubiyy A1yul

oy- vv- 8v- 29 96 09- ¥9- 89- 2L~ 9t 08 p8 88 26 9% 00I-

S DO

[ o

| AKUIAIYLV.\NA .l_ﬁ Oy
\
|

Ayisuap uesyy O 3 N
Ajisusp mo1 O A

Aysuap ubiH O /
| ] | |

\

sdj 'l/\v ‘abueyd A}00|8A |eJ0]

10 02t = sSom
$0 = O/ \

oy d
W uQot= Y

e
lwuEoor= U

Sd) 000 02 = A




"sJajawe.ed 91Jaydsow)e 1931409 UO paseq s) aduepinb ayy §1 }gJo Jabae} ysijqe)ss o} padinbal abueyd A1oojar eJo] - '8 aanby4
w u JeA ac gpnyiyje sisdersad wnnoep

13 0¢ 174 0¢ S 01
_____________.______J_________

w

bap .:m» ‘ajbue yed-pybry Anu3
V- 8- 2'e- 9°¢- 0°9- v°9- 89- ¢’L- 9°,- .08 p'8- 8°8- 276~ 9'6- 0°01-

29

0
P ﬁlm.u|Q|Q|q P ¢ <
o— O T | 4 = ; T~ 00T
| \ / / N
m 002
\ ,, ,
0¢ &
\ ? 2
, o &
~l
& i g
Aysuap ueaw & / 009 m
ANsuap mo7 0O =
3__2%_&_1 o # ) 801,
1 1 T T .w:
ysd ozt = s9orm
60~ G/ L .
"W U001 = Q;
"W U 000 01 = Y
S4 000 02 = A 008
006




"abueyd A}120]3A |10} UOAN JUBITIYEED 1ISI||eq Ul SUCIIRLIBA JO 193J)T - 4 8inbi4

1wy R dc ‘gpnjijje sisdersad wnnaep
0¢ 174 02 11
__________________4_________
bap U4 “albue ured-yubiy Ku3

py-  8%- 2% 9% 09 9 89 2L~ 9~ 0% v'8 8%

o 8 a 8 ¢

30

wt &

0t O

q 01 O !
ssd *STO/M “Juald1a00 Nislijeg

|=3)

1T 17 1 171

alaydsoune Ajisuap ueapy
6°0=0aN

D
A2

i . d
Iw "uoor= Y

[ ] [] m
W *U 00 0L = Y &

sdj 000 02 = A

0°01-

0
001
002
g
we
3
g
o =
(=)
=
2
00s »
2
0 3
001
008
006




"HaJo }abue) ysijqeisa 0} painbau abueys Aydojan |eo} uodn g7 Ul uolaNPal Jo P8y - ‘01 24nbi4

s ~u %8 “dy sapmypje sisdersad wnnoep

ot 0¢ 174 02 a1

__-_44_______________dd_______

bap M9y +g1bue yied-ybipy £13u3
- 8- 2'¢-  9%- 09- v9- 89- 2.~ 9°L- 08 7°8-

8°8-
e

4.

51

Ajisuap uesiy O
Aysuap mo7 O

Aysuap ybiIH O

1 I I

ssdozt - som
p0= a1
oot = %y
"W " 000 0T = Y

sdj 000 02 = A

-

00¢

00¢

00y

009

00£

008

sd} 'l/\v ~abury? AJ20j3A |R10]



32

*sajlw jednneu oot Jo apmye sisdeode Upm 1iq10 6.} Usi|qelsa 0} painbas abueyd A}dojaA ejo] - [T 34nbi4

JeA “d

bap * y ‘apnyyje sisdersad wnnaep

mN cN ﬂ S m o
d____________ﬂﬂ_____q_________:_—:

— R
=]
A

bap U3y +a16ue yjed-jybiyy A1u3
0°'e- poe- g8'e- 279 9°9- 0°,- p°L- 8L- I°8 9°8- 06 v6- 86- ¢01- 9°01- O'11-

1 0
= | — — 00t
| o O 1] M\ N N 002
\ \ N u// U H”/
i
\ No 0// // ¢ 4 00¢
! | NG \
N d o Vo
& (1] /
& 00
g e o A
Aysuap ybiH O >/ / 009
_ : . V4
ysd gzt = sSorm % M
50 = Q1 AR 004
‘lw U001 = ac
W *U QOO = Y
S8 000 02 = A "
006

sd} '1/\v “abueys Ayo0jaA |eloL




33

*puodas Jad 183 00 /T S! A}190]9A
A1pua 41 sajiw jearyneu gpg 01 Jo apnyye sisdeode ue U3IM 11040 18baey 98140 0) painbaa A)dojan |eo) - 21 84nbi4

oap 8 a; ‘apnyye sisderasd wnnoep

om mN om mH 2 m o
LN L O L R B O B BB B R B IR R O L

11
us
bap + A sa)bue yjed-jybiyy A13u3
v p- 8- 26 9°¢- 0°9- b9 8°9- 2l 9°/- 0°8- p'8- 8°8- 2°6- 9°6- 0°01-

I N\ SN

w
\
\ A -
\
\

A)isuap Mo
Aysuap ybiy O

o
|
™
i
T |
g

L1
s

ysd ozt = sTom

\
\
\
|
|
|
Ayisuap uesy O \JTO)O/ /
|
|
s

§°0 = oa: , \ , -
lw *uQgor = U
“1W U 000 01 = Y
) uo 0091
sdiooot= A

0081

sdj ‘l/\v *abueyd A10[aA |e10]



3l

*puo0das Jad 133) 000 L1 S A}H120[9A

AJ)ua ay) pue sajiw [eanyneu oo 01 St apnyiye sisdeode Jabuey yI A10}08(ea} }1X3 Jo apnyLye sisdeody - °¢T a.nbi4

Sat ,J8h .a; ‘gpnyiye sisdersad wnnoep
1 0c T4 02 <l 01 §
™ ____________________:__________
us
Bap + A rajbue yjed-jybiy Anu3
9°¢- O0v- PYv- 8- 2% 9'6- 09 p9- 89 2L~ 9L~ 078 p's- 8°8- 2°6- 9°6-
V\A V\.r\ 0
\Y\AV\A \\& ...._
£ty 7 A
) /
|| ¥ g b
= —0—0—0—7 \
Ve / .
0

\\'\

o
3

=]
-\

(=}

—

Ayisuap uesy o
Ayisuap mo] O

Aususp UbIH O

| | | 1

I I ! I

\‘\E-l
N

45 021 = SOoIM

60 =an
14
Q_E .C 8# = f—
‘e
1w .ccoooT.F Yy 91
— ud
sdjooo L= A
Q01 X 81

sd) 'l/\v *abueyd A}120}aA |ejol




35

€

0T X0'0¢

9°61 61

*apninje sisdeode 3a64e3 wWnwixep - T 24n61 4

881

sdy ~=mV> ’£319019A Anu3

81

0°8T 9°LT ¢ LT 8°91 Vot 0°91

0

01

‘1w *u ‘apnyyje sisdeode J964e) Wnwixep

ysd 021 = sJo/m
S'0=0/1

cl

0T X bT




36

*pu0das Jad 193§ 000 LT SI A}120jaA A13ua 1 Sajiw [ealyneu goOT 03 apniye sisdeode bulseaidap Jo J0aj3 - "ol ainbi4

bap %A ac rgpnyyfe sisdelsad wnnoep

112 0¢ ¢ 0¢ 1 01 ¢
U ______________ﬁ_____________:_

bap +°4 +ajbue yjed-ubyy A3
0v-  pv-  8%- 26 9% 0'9  p'o- 89 gl 9L 08 e 8% 6~ 9%b-

001

‘.ﬂrj
AN
N
PaN
~

j
)

N 002

—
T
7

-0
o]
g

Aysuap ueawy O
Ajsuap mo] O

~
|
\
Asuap ybiH O N ) /
|
|

e 009
15 021 = sTm I
G°0=an
_— d 001
i *u 00 = °y
e
‘1w *u oot = °u
ua 008
siloo0 ll= A
006

sdy LAV abueya Kyoojan ejoL




Velocity increment required to change entry angle, fps
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Figure 16.- Velocity increment required to change entry
angle as a function of time remaining until entry.
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